Methanol dimer (CD 3 OH) 2 ion-molecule reaction is initialized by VUV ͑vacuum ultraviolet͒ laser photoionization. The proton and deuteron transfers are the dominant reactions. The relative probabilities of deuteron transfer from the methyl group and proton from the hydroxyl group were measured as a function of VUV photon energy between 10.91 to 10.49 eV. According to those results, the probability of proton transfer from the hydroxyl group increases with the VUV photon energy. Isotopic scrambling is not complete before dissociation of the ion complex in the photon energy used. In addition, ab initio calculations are performed and four stable structures of the methanol dimer ion are found. One of these structures is an unreported complex, CD 3 OHD ϩ¯C D 2 OH, which has a very unusual type of hydrogen bond. This complex plays a significant role in the deuteron transfer reaction in the range of excitation energies used in this study.
I. INTRODUCTION
Methanol ions in the gas phase and in clusters have been studied for many years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Reaction products from the ionization processes of methanol clusters are the same as those of the gas phase ion-molecule reactions. Due to the very large cross section of proton transfer reactions in methanol, protonated methanol is the dominant product in both gas phase and cluster reactions.
Gaseous methanol ion-molecule reactions have been observed in the source of mass spectrometer 1 and in ion cyclotron resonance mass spectrometry ͑ICR͒. 2 That investigation indicated that the major product ion is the proton solvated by methanol molecules. Protonated dimethyl ether due to the dissociation from protonated methanol dimer was also observed. The cross section of proton transfer reaction between the methanol ion and the methanol molecule in the gas phase has been measured using various methods. [3] [4] [5] [6] Lindholm et al. [7] [8] [9] observed the two possible proton transfer reactions between the methanol ion and methanol molecule using the charge exchange method.
CD 3 The use of isotopically labeled methanol (CD 3 OH) established the mechanism of formation of the product ions. J. H. Futrell et al. used conventional mass spectrometry, 10 single stage high-pressure mass spectrometry, and tandem apparatus 11 to measure the relative cross sections of reactions ͑1͒ and ͑2͒. According to their results, the probabilities for D ϩ and H ϩ transfer in reactions ͑1͒ and ͑2͒ are approximately the same.
Similar proton transfer reactions have been observed for methanol in clusters. [12] [13] [14] [15] [16] [17] [18] Cluster ions belonging to the series (CH 3 OH) n H ϩ were observed using the ionization of vacuum ultraviolet synchrotron radiation, 12 266 nm multiphoton ionization, [13] [14] [15] and electron impact ionization. 16 No parent ions or other ionic products were found in these studies, except for very weak signals of dimer ions. Protonated dimethyl ether and protonated water methanol cluster ions due to the secondary reaction were also observed. Large signals of unprotonated methanol cluster ions and solvated fragments were found in methanol-argon expansion. 17 The interpretation was that these ions resulted from the indirect ionization of Ar n (CH 3 OH) m heteroclusters via intracluster Penning ionization. A recent study of methanol clusters observed small signals from solvated fragment ions, (CH 3 O͒͑CH 3 OH) n ϩ and unprotonated methanol cluster ions (CH 3 OH) n ϩ , using methanol-helium expansion and electron impact ionization. 18 However, the intensity of the signals from these ions is ϳ2 orders of magnitude smaller than from the corresponding protonated clusters. The isotope methanol clusters have also been studied. 16, 18 In these studies, clusters of many different sizes in the cluster beam were all ionized simultaneously by electron impact with electron energy 20-90 eV. Both (CD 3 OH) m H ϩ and (CD 3 OH) m D ϩ were found as the final products. The ion mass distribution was interpreted as resulting from proton transfer reaction, H ϩ -D ϩ scrambling in the clusters, and neutral molecules boiling off from large clusters after ionization.
Although methanol ion-molecule reactions have received extensive attention, details of the microscopic processes governed by molecular interaction and local dynamics have seldom been mentioned. In this work, d3-methanol dimers, (CD 3 OH) 2 the ionization threshold. The VUV wavelength dependence of various product channels is studied. The advantage of VUV laser photoionization is that it is a soft ionization: VUV photon energy can be tuned to control the maximum internal energy of the ion produced; this avoids producing the fragments and simplifies the reaction in the clusters. This approach allows us to understand the detailed microscopic dynamics near the ionization threshold. The energies and structures of neutral and ionic clusters, as well as the dissociation products, are calculated by ab initio method to fully understand the experimental results. Four stable structures of methanol dimer ion are found. Only two of these structures have been reported previously. 16 The possible mechanism for the proton transfer reaction, the isotopic scrambling and energy randomization are discussed as well.
II. EXPERIMENT
The essential elements of the apparatus are a pulsed nozzle, time-of-flight ͑TOF͒ mass spectrometer and a tunable VUV laser. The cluster beam, flight axis of the TOF mass spectrometer, and the VUV laser beam are arranged perpendicular to each other. Spectraphotometry grade methanol, CD 3 OH, from Cambridge Isotope Laboratories ͑CIL͒ was used without further purification. Methanol vapor is formed by flowing ultra pure He at a pressure of 450 Torr through a reservoir filled with liquid methanol at 295 K. The methanol-He mixture is then expanded through a 500 m pulsed nozzle ͑general valve͒. Methanol clusters are formed during the adiabatic expansion through the nozzle. After skimming by two 1 mm diam conical skimmers, the beam is introduced into the ionization region of the time-of-flight mass spectrometer, which is 10 cm downstream of the nozzle. Clusters are ionized by a pulsed VUV laser beam. The product ions are accelerated in a Wiely-Melaren-type double electrostatic field to 1.9 keV, and are then directed into an 80 cm-long, field-free flight tube. Ions are detected by a chevron microchannel plate ͑MCP͒ detector. After amplification of the signal by a fast preamplifier, the mass spectrum is recorded using a digital oscilloscope and a multichannel scalar ͑MCS͒ ion counter. The pressures during operation increased to 7ϫ10 Ϫ5 and 2ϫ10 Ϫ7 Torr in the source and ionization chambers, respectively.
A pulse-amplified cw ring laser system 19, 20 is used in the experiments. The visible laser beam from the system is frequency doubled in a barium borate ͑BBO͒ crystal. The second harmonic and the fundamental laser beams are used to generate VUV coherent radiation using four-wave mixing. The UV and visible laser beams are focused by a lens with focal length of 25 cm, into a Xe gas cell. After the generation of VUV radiation in the cell, the coaxial laser beams are sent to a vacuum monochromator; this separates the VUV laser beam from UV and visible laser beams. Only the VUV laser beam is sent to the ionization region of the time-of-flight mass spectrometer. A concave 1200 l/mm grating with a 98.5 cm radius is used in the monochromator. The focal point of the UV/VIS laser beams, where the VUV radiation is generated, is set 120 cm away from the grating. The concave grating refocuses the expanding VUV radiation into the cluster beam, which is 88 cm away from the grating. The grating is set near the normal incidence ͑15°͒ and the first order of the VUV radiation from the grating is used.
The formation of various clusters after the opening of the pulsed value is time dependent: Larger clusters appear later. The timing between the laser beam and the molecular beam is controlled, so that only methanol dimers and monomers are present for VUV laser radiation. Since the VUV laser pulse ͑Ͻ3 ns͒ is much shorter than the molecular beam pulse ͑ϳ300 s͒, only the front edge of the pulsed molecular beam can be ionized: This front edge contains only monomers and dimers. No cluster ions larger than a dimer were observed in the measurement. This keeps the measurement of the final cluster ion distribution free of interference from ion signals originating from larger clusters.
III. COMPUTATIONAL METHODS
All the ab initio calculations were carried out using the GAUSSIAN 94 package. 21 The geometry optimization and vibrational frequencies were performed at the Becke3LYP ͑B3LXP͒ level with a 6-31ϩG* basis set. To reduce the basis setsuperposition errors ͑BSSE͒, further B3LYP/6-311 ϩG(3d f ,2p)//B3LYP/6-31ϩG* single point calculations were used to determine the energies of methanol monomer, dimer, ionic species, and all the transition states. The energies were finally corrected by zero-point vibrational energy ͑ZPVE͒ for all species. Since the BSSE of the dimer species are all smaller than 0.5 kcal/mol using the procedures proposed by Boys-Bernardi, 22 no BSSE correction was made in this work.
The dissociation barrier of the X-H or X-D bond ͑XϭO or C͒ for the most stable species was estimated by scanning the X-H or X-D bond. The bond length of X-H or X-D was changed by 0.05 Å in each step, and the other parameters were optimized. Next, transition state ͑TS͒ calculations were performed to determine the transition structures. Some of the possible structures for the H or D atom elimination were obtained by directly optimizing the loss of H or D atom from X-H or X-D on the ionized dimers. The reactants and products of the transition states were confirmed through intrinsic reaction coordinate ͑IRC͒ calculations.
IV. RESULTS
The time of flight mass spectrum of methanol dimers ionized by a VUV laser beam is illustrated in Fig. 1 . When the VUV photon energy exceeds the methanol monomer ionization threshold ͑10.85 eV͒, 23 monomer and fragment ions from dimers are observed. They are CD 3 OH ϩ , CD 3 OH 2 ϩ , and CD3OHD
ϩ . When the VUV photon energy is lower than the ionization threshold of the methanol monomer, only fragment ions from dimers are detected. Notably, no larger cluster ions are observed.
The 99% pure d3-methanol, CD 3 OH, purchased from Cambridge Isotope Laboratory was analyzed using quadrupole mass spectrometry and was found to contain ϳ5% of CD 3 OD. Since the masses of monomers CD 3 OD and 13 CD 3 OH are the same as the protonated methanol, CD 3 OH 2 ϩ , the over deuterated monomer and the 13 C isotope of methanol after ionization interfere with the intensity measurement of CD 3 OH 2 ϩ . Thus, when the VUV photon energy exceeds the threshold of methanol monomer ionization, a background subtraction is necessary to obtain accurate results. For these photon energies, measurements under two different conditions were performed. First, the VUV laser pulse was set to interact with the very front edge of the molecular beam, where only the monomer was present, and the ratio of mass 36 and mass 35, (CD 3 OD ϩ ϩ 13 CD 3 OH ϩ ͒/CD 3 OH ϩ was measured. Next, the time delay between the VUV laser beam and the molecular beam was changed so that the VUV laser beam interacts with that part of the molecular beam where both monomer and dimer are present to be ionized. This background is about 60% of the total intensity at mass 36 at high VUV photon energy ͑10.91 eV͒, as illustrated in Fig. 1͑a͒ . This background is reduced with an increase of the VUV wavelength. Below the monomer ionization threshold, there is no background, as demonstrated in Fig. 1͑b͒ . After subtracting the background, the ratio of two different methanol ions, CD 3 OH 2 ϩ /CD 3 OHD ϩ is plotted as a function of VUV wavelength, as presented in Fig. 2 . The large error bars at short wavelength are mainly due to the background from the monomers of 13 CD 3 OH ϩ and CD 3 OD ϩ . Obviously, the deuteron transfer dominates at low VUV photon energy ͑10.49 eV͒, and the probability of the proton transfer increases with photon energy. At high VUV photon energy ͑10.91 eV͒, the proton transferred becomes the dominant reaction channel. A small amount of m/eϭ68 was also observed: This corresponds to the D atom elimination reaction from methanol dimer ion. However, the signal is two orders of magnitude smaller than the signal of proton and deuteron transfer reactions. than the proton and deuteron transfer reactions. Poor Franck-Condon factor of the vertical transition certainly makes initial production of (CD 3 OH) 2 ϩ difficult. However, the yield from Eq. ͑3͒ is two orders of magnitude lower than from Eqs. ͑6͒ and ͑7͒; this is due to the decomposition of dimer ions from reaction ͑3͒ into the products of reactions ͑6͒ and ͑7͒.
V. DISCUSSION
Although many studies have been performed on neutral methanol dimer structures, very little systematic effort has gone into exploring the protonation and isotopic scrambling mechanisms and the dimer ion structure. Previous calculation 16 of methanol dimer ion (CH 3 OH) 2 ϩ demonstrated that there are two structures. One structure forms a complex, CH 3 OH 2 ϩ¯O CH 3 , resulting from the proton transferred from the hydroxyl group. The other forms a complex, CH 3 OH 2 ϩ¯O ͑H͒CH 2 , resulting from the proton transferred from the methyl group. Both complexes are formed with a proton bridging two oxygen atoms. This investigation demonstrated that the ionization of neutral dimer after vertical transition proceeds to form the first complex without passing an activation barrier. However, the same investigation observed that there is a barrier of 35.62 kJ/mol for the formation of the second complex from the neutral dimer after vertical ionization transition. 16 In other words, the energy of the transition state for the isomerization is as high as 10.54 eV from the ground state of the neutral dimer. Based on this energy potential, the excess energy for the proton transfer reaction from the methyl group must be reduced dramatically when the VUV photon energy is reduced from 11 to 10.49 eV and approach to this barrier. This must result in reducing the reaction rate of proton transfer from the methyl group at low VUV photon energy. However, our experimental data show that the deuteron transfer from the methyl group not only occurs below 10.54 eV, but also is a dominant channel at VUV photon energy lower than 10.54 eV. This is contrary to the previous calculation.
A. Isomers of methanol dimer ions
Our ab initio calculation of the neutral methanol dimer indicates that it forms a linear hydrogen-bonded structure between methanol molecules, where one molecule acts as a proton donor and the other molecule acts as a proton acceptor. The dimer is stabilized by a hydrogen bond between O¯H-O. The stabilization energy is 12.98 kJ/mol ͑with ZPVE and BSSE correction͒. The hydrogen bond between C-D¯O is very weak ͑less than 2.09 kJ/mol͒, and the existence of the dimer in this structure would be very scarce in the molecular beam.
The ionization threshold of methanol monomer from our calculation is about 10.6 eV, which is close to the experimental value of 10.84 eV. 23 The vertical ionization transition of the methanol dimer from calculation is 9.74 eV using fixed neutral methanol dimer geometry. No experimental determination of ionization potential of methanol dimer has been reported since the rapid proton transfer reaction in the cluster ions make such measurement difficult. The appearance potential of CH 3 OH 2 ϩ has been measured to be 10.2 eV, which is close to the calculated value of vertical ionization transition of methanol dimer. Geometry optimization of the ionized dimer gives four ionized isomers, labeled ͑I͒-͑IV͒ in Fig. 3 . The energy levels of these isomers are higher than the neutral dimer by 9.0-9.5 eV, as demonstrated in Fig. 3 . Remarkable geometric changes occur between the neutral and ionized methanol dimers, accompanying the proton transfer from hydroxyl group or deuteron transfer from methyl group in methanol dimer ion. In the structure of isomer ͑I͒, the hydrogen atom H2 is transferred to the proton acceptor molecule to form a CD 3 OH 2 ϩ complex: This complex can be regarded as a strongly hydrogen bonded CD 3 OH 2 ϩ¯O CD 3 complex. This structure can be reached by energy and structure relaxation, directly from the methanol dimer after the vertical ionization transition, without passing through any barrier. This finding agrees with the previous report. 16 The structural change from (CD 3 OH) 2 to CD 3 OH 2 ϩ¯O CD 3 resembles the change of water and ammonia dimers to dimer ions. 24, 25 Isomer ͑III͒ is the most stable isomer and has also been reported earlier. 16 The two pathways to reach this isomer are presented as ͑IIIa͒ and ͑IIIb͒ in Fig. 3 . However, only one pathway was calculated in previous research. 16 Our calculation shows that one pathway starts from isomer ͑I͒. The deuterium atom D6 in the methyl group of the proton donor molecule moves to the oxygen atom O2 and forms a CD 3 OH 2 ϩ¯O ͑D͒CD 2 complex, ͑IIIa͒. In this pathway, the transferred proton is from the hydroxyl group. There is a barrier between ͑I͒ and ͑IIIa͒: The height of this barrier was calculated to be 130.65 kJ/mol from ͑I͒, that is, 10.51 eV from the ground state of a neutral dimer. To our knowledge, the other two isomers, ͑II͒ and ͑IV͒, have not been reported previously. In the structure of ͑IV͒, the O-H bond of two methanol molecules are anti-parallel to each other, and it is stabilized mainly by electric dipole interaction. The energy of ͑IV͒ is higher than all the other isomers. In the structure of isomer ͑II͒, the deuterium atom D3 in the methyl group moves to the oxygen atom O2 and forms a CD 3 drogen bond is formed between the deuterium atom D3 of the hydroxyl group and the carbon atom C1 of methylene group, which is different from the hydrogen bond formed in ͑I͒ and ͑III͒. To our knowledge, this type of hydrogen bond has not been reported in literature. The ͑II͒ isomer ͑II͒ is more stable than the isomer ͑I͒ at the B3LYP/6-311ϩG(3d f ,2p)//B3LYP/6-31ϩG* level, and the isomer ͑II͒ can be reached by energy and structure relaxation, directly from the methanol dimer after vertical ionization transition, without passing through any barrier. There is a small barrier between ͑II͒ and ͑IIIb͒. This is the second pathway to reach the isomer ͑III͒. However, the deuteron from methyl group is transferred to form ͑IIIb͒ in this pathway. The barrier height from ͑II͒ to ͑IIIb͒ is 18.42 kJ/mol, which is much smaller than the barrier height from ͑I͒ to ͑IIIa͒. The structures and structure parameters of these isomers and the transition states are shown in Figs. 3 and 4 , and Table I .
B. Dissociation of methanol dimer ions
Among these ionic isomers, dissociation from ͑IV͒ leads only to a neutral methanol monomer and a monomer ion. The other isomers can dissociate into various ionic products, including the reactions of the proton transfer or deuteron transfer, and the H atom or D atom loss reactions. In these energetically allowed dissociation channels, experimental results in this study show that proton transfer and deuteron transfer reactions are found to be the dominant reactions in the photon energy range used. The proton transfer has two channels. One channel is directly from the dissociation of isomer ͑I͒ to form CD 3 OϩCD 3 OH 2 ϩ . The other channel is the dissociation of ͑IIIa͒ after passing the barrier between ͑I͒ and ͑IIIa͒ and this channel produces different products, CD 2 ODϩCD 3 OH 2 ϩ . The dissociation of ͑I͒ produces CD 3 OH 2 ϩ ϩCD 3 O, which has an energy of 10.37 eV from neutral dimer. The final product energy can be reduced to 10.08 eV if ͑I͒ is isomerized to ͑IIIa͒ and thus dissociates into CD 3 OH 2 ϩ ϩCD 2 OD. However, the barrier between ͑I͒ and ͑IIIa͒ is as high as 130.65 kJ/mol from isomer ͑I͒, that is 10.51 eV from the neutral dimer. On the other hand, the deuteron transfer also has two pathways. One is a direct dissociation from the isomer ͑II͒ to form CD 3 OHD ϩ ϩCD 2 OH, without the excess exit barrier. The other one is dissociation from ͑IIIb͒ after passing a small barrier between ͑II͒ and ͑IIIb͒. The deuteron transfer of these two pathways leads to the same final products, CD 3 OHD ϩ ϩCD 2 OH, which products have the lowest energy of 10.08 eV. The photon energy used is between 10.92 and 10.49 eV, which is very close to the transition state energy ͑10.51͒ between ͑I͒ and ͑IIIa͒ and the final product energy of isomer ͑I͒. Therefore, the rate of production of CD 3 OH 2 ϩ by proton transfer must be very slow at low VUV photon energy due to the small excess energy, although a preexponential factor to form CD 3 OH 2 ϩ ϩCD 3 O is expected to be large, and the rate increases with VUV photon energy. This gives a reasonable explanation of the experimental results.
In addition to the effect of energy levels of barrier height and final products, the formation competition between isomers when methanol dimers are ionized can also be reflected in the final product distribution. The calculation indicates that the highest occupied molecular orbital ͑HOMO͒ of the neutral methanol dimer is located primarily at the oxygen atom ͑O2͒ of the proton donor molecule. The second highest occupied molecular orbital ͑HOMO-1͒ is located primarily at the oxygen atom ͑O1͒ of the proton acceptor molecule. The energy difference of these two orbitals is found to be 1.24 eV. The electron from oxygen atom ͑O1͒ of the proton acceptor molecule tends to be removed only at high VUV photon energy. This can result in the direct proton-transfer from the hydroxyl group ͑H2͒ to O1 to form isomer ͑I͒, or the reaction of the deuterium atom D8 with the unpaired electron of the oxygen atom ͑O1͒ to form isomer ͑II͒. On the other hand, at low VUV photon energy, the removal of an electron tend to occur from the oxygen atom O2. This can produce isomer ͑I͒ by charge transfer from O2 to H2, and then proton transfer of H2 to O1. It can also result in the deuterium atom ͑D3͒ of the methyl group reacting with the unpaired electron of the oxygen atom O2 to form isomer ͑II͒. The experimental results indicate that the competition between these reactions, thus the formation of the isomers, change with the photon energy.
C. Isotopic scrambling and energy randomization
Proton transfer in methanol cluster ions from the methyl group or from the hydroxyl group has been studied previously 16, 18 by electron impact ionization with electron energy of 20-70 eV. Two mechanisms were used to interpret the final cluster distribution in the mass spectrum. These two mechanisms were the hydrogen atom scrambling in the cluster ions and the neutral molecules boiling off from clusters after ionization. Comparing previous experiments with those in this study shows that the photon energy used in this study is much closer to the barriers between these isomers. However, the isomerization of the methanol dimer ion, and therefore, the H atom scrambling, still could occur at the photon energy used in this study. Our ab initio calculation shows that there are barriers for the hydrogen or deuterium exchange in each isomer. Some of the barriers are relatively low, making the isotopic exchange possible. The barrier of H1 and H2 exchange in isomer ͑I͒ is 34.75 kJ/mol ͑TS4͒; D3, D4, and D5 exchange in isomer ͑II͒ is 54.85 kJ/mol ͑TS5͒; H2 and D3 exchange in ͑II͒ is 92.13 kJ/mol ͑TS6͒, and H1 and H2 exchange in isomer ͑IIIa͒, or H2 and D3 exchange in isomer ͑IIIb͒ is 38.1 kJ/mol ͑TS7͒. The structures of these transition states are illustrated in Fig. 4 . Some of the hydrogen ͑or deuterium͒ atoms exchanges do not change the ratio of proton transfer to deuteron transfer since these exchanges are only among the hydroxyl groups, or only within the methyl groups. Other exchanges affect the ratio. Table II summarizes the statistical results from isotopic scrambling, assuming either some, or all, of the isomers are involved in the isomerization. For example, if only isomers II, IIIb are involved in the isomerization, the exchanges are between H2, D3, D4, and D5 atoms. If only I, II, IIIb are involved, the exchanges are between H1, H2, D3, D4, and D5 atoms. If all of the isomers are involved in the isomerization, then all the H and D atoms could exchange. Table II shows that none of the cases agree with the experimental results. In addition to the difference between the statistical and experimental results, the experiments in this study demonstrated that the VUV wavelength dependence of the ratio of proton transfer to deuteron transfer. This dependence also indicates that the complete hydrogen atom scrambling in the cluster ions does not occur at these photon energy levels. The proton transfer reaction followed by dissociation must occur before the complete isomerization and isotopic scrambling.
The H atom ͑or D atom͒ loss dissociation channel from the methanol dimer ion has many different final product geometric structures. The most stable structure corresponds to a protonated methanol-formaldehyde complex, which can be accessed from the dissociation of ͑I͒-͑III͒. The calculation indicates that the dissociation of ͑I͒ occurs through the C-D bond cleavage with an exit barrier lower than the final product energy. However, dissociation of ͑III͒ and ͑II͒ occur through the O-H bond cleavage with exit barriers as high as 159.1 and 175.9 kJ/mol relative to the isomer II and IIIb, respectively. These are 10.63 and 11 eV from ground state of a neutral dimer. For the photon energy at 10.49 eV, only D atom loss reaction can occur and must mainly occur from the dissociation of isomer ͑I͒. The D atom loss reaction from isomer ͑I͒ has a lower level of final product energy than the energy level of proton transfer reaction from hydroxyl group in isomer ͑I͒. However, the very small signal of D atom loss to form CH 2 OHCH 3 OH ϩ in our experiments indicates some dynamic effect in the methanol dimer ion dissociation. It is possible that the internal energy in the dimer ion is completely randomized, however, the probability of D atom loss reaction is significantly reduced due to the angular momentum conservation effect. The other possibility is that the proton transfer from the hydroxyl group is very fast and similar to the direct bimolecular reaction. However, the internal en- ergy in the dimer ion ͑I͒ is not completely randomized before the proton transfer reactions from the hydroxyl group followed by dissociation. At this point, which process is dominant in the dissociation of methanol dimer ions cannot be determined. Complete potential energy surface and dissociation model simulations are necessary and are more reliable in order to reveal the dissociation processes.
VI. CONCLUSION
The ratio of deuteron transferred from the methyl group to the proton transferred from the hydroxyl group in methanol dimer ion is measured as a function of VUV photon energy. According to our results, the probability of proton transfer increases with VUV photon energy in the range 10.49-10.9 eV used in this study. These results suggest that the proton and deuteron transfer reactions of methanol dimer ion followed by dissociation are very fast, and that the isomerization is not complete before proton or deuteron transfer and dissociation. Two unreported structures of the methanol dimer ion are found by ab initio calculation. One of the structures forms a complex, CD 3 ͑H͒O-D ϩ¯C D 2 OH, and significantly contributes to the deuteron transfer reaction of the methanol dimer ion. To our knowledge, this type of hydrogen bond has not been reported in literature. Similar results to those found in this study have also been obtained for the photoionization of the ethanol dimer. Theoretical evidence for a hydrogen bond between the carbon atom and the hydrogen atom of the hydroxyl group is also found in an ethanol dimer ion complex. 26 
